Antiviral treatments for chronic hepatitis C patients have advanced remarkably over the past 5 years. In the past, antiviral treatments were based on interferon (IFN), which sometimes caused severe adverse events, including flu-like symptoms and thrombocytopenia, and their therapeutic effects were not satisfactory. Currently, approximately 95% of patients can achieve virologic cure by combination treatment with direct-acting antiviral agents (DAAs) without any severe adverse events. 1-8 Conversely, the genetic barrier of DAAs is lower than that of IFNs, and resistance-associated amino acid changes are a new issue for patients who experience virologic failure to DAA therapy. [9] [10] [11] In particular, NS5A inhibitors, which are key drugs in DAA therapy, have extensive cross-resistance across NS5A inhibitors. First-generation NS5A inhibitors, such as daclatasvir and ledipasvir, are not effective for signature resistance-associated substitution, NS5A-Y93H AE L31M/I/V. 12 Second-generation NS5A inhibitors, including pibrentasvir and velpatasvir, are more effective for these signature resistance-associated substitutions than first-generation inhibitors. 12, 13 NS5A P32 deletion (P32del), which has never been reported in DAA-naive patients, has been reported in patients with hepatitis C virus (HCV) genotype 1b who have failed DAA therapy, including daclatasvir-containing and sofosbuvir/ledipasvir treatments. HCV with NS5A P32del shows high-level resistance to all commercial NS5A inhibitors and is persistent for a long time in patients with virologic failure to DAA therapy. The treatment for HCV with NS5A P32del has not yet been established. Thus, in the present review, we summarize the data that have been reported for NS5A P32del HCV.
Various resistance-associated amino acid changes were detected after treatment. In one patient with genotype 1b HCV infection, NS5A P32del was detected as a major clone after treatment. 19 In another clinical trial of daclatasvir þ peg-IFN þ ribavirin treatment in Japan, 19 prior IFN þ ribavirin nonresponders with genotype 1b HCV infection developed virologic failure. 20 Among them, NS5A P32del was detected in two patients. One patient experienced viral breakthrough at 6 weeks after treatment but continued the treatment for 36 weeks. NS5A P32del was detected at 8 weeks after treatment, but it was no longer detected at 12 and 24 weeks after treatment or 4 weeks posttreatment. The other patient experienced viral breakthrough at 8 weeks after treatment but continued the treatment for 40 weeks. NS5A P32del was detected at 24 weeks after the initial treatment and at 4 weeks posttreatment. In both patients, NS5A P32del was not detected at baseline. After the introduction of IFN-free DAA treatment for clinical use, Uchida et al reported that among 21 patients with genotype 1b HCV infection who experienced virologic failure by daclatasvir þ asunaprevir, NS5A P32del was detected in two patients at the time of virologic failure. 21 Both patients were prior simeprevir þ IFN þ ribavirin nonresponders. In one patient, HCV with NS5A P32del was detected as a minor clone and coexisted with a major clone of HCV carrying the NS5A P29 deletion at the time of virologic failure. In the other patient, it existed as a major clone at the time of virologic failure. In both patients, NS5A P32del was not detected by deep sequencing at baseline prior to daclatasvir þ asunaprevir treatment or simeprevir þ IFN þ ribavirin treatment. Kai et al reported that among 11 patients with genotype 1b HCV infection who experienced virologic failure by daclatasvir þ asunaprevir, NS5A P32del was detected in one patient as a major clone at the time of virologic failure analyzed by deep sequencing. 22 The patient had never received any DAAs, including simeprevir, prior to daclatasvir þ asunaprevir treatment. By population sequencing analysis, Itakura et al, 23 Kobayashi et al, 24 and Iio et al 25 reported that among 68, 110, and 74 patients with genotype 1b HCV infection, respectively, who experienced virologic failure to daclatasvir þ asunaprevir treatment, NS5A P32del was detected in 3, 6, and 7 patients at the time of virologic failure, respectively. Teraoka et al also reported that among 23 patients with genotype 1b HCV infection who experienced virologic failure to daclatasvir þ asunaprevir AE beclabuvir treatment, NS5A P32del was detected in one patient treated with daclatasvir þ asunaprevir at the time of virologic failure. 26 These reports indicated that NS5A P32del was detected in 5 to 10% of patients with genotype 1b HCV infection who failed to daclatasvir-containing therapies (►Table 1).
NS5A P32del was also reported after sofosbuvir/ledipasvir treatment. 27 Doi et al reported that among 10 patients with genotype 1b HCV infection who experienced virologic failure to sofosbuvir/ledipasvir treatment, NS5A P32del was detected as a major clone in one patient at the time of virologic failure. 27 Phylogenetic tree analysis clarified that the NS5A P32del HCV clones in this case were generated by the complete deletion of three bases, which encode NS5A P32 from the original HCV clones. The patient had not received any anti-HCV therapy and had liver cirrhosis with a history of hepatocellular carcinoma treatment. Conversely, there has not been a reported case of naturally occurring NS5A P32del without DAA treatment or a case infected with NS5A P32del HCV that was not genotype 1b until now.
NS5A P32del HCV Shows High-Level
Resistance to all NS5A Inhibitors NS5A protein, an active component of HCV replicase, consists of domains I, II, and III, and domain I consists of the N-terminal membrane-anchoring helix, domain Ia and domain Ib (►Fig. 1). [28] [29] [30] Domain I forms dimers, and domain Ib binds ribonucleic acid (RNA) for HCV replication. 31 NS5A inhibitors bind NS5A domain I, leading to inhibition of RNA binding. [31] [32] [33] Recently, NS5A domain I was reported to play a role not only in viral replication but also in viral assembly. 34 P32 is located at the linker between the membrane-anchoring helix and domain Ia (►Fig. 1). NS5A inhibitors bind a space formed by the linker, domain I and the helix (►Fig. 1). 32, 33 Using the genotype 1b HCV replicon system (Con1 replicon), NS5A P32del HCV showed extremely high-level resistance against daclatasvir and ledipasvir (►Table 2). 13, 19 The mean EC 50 of daclatasvir or ledipasvir against NS5A P32del HCV is approximately 0.3 to 0.4 million times higher than that against wild-type HCV. 13, 19 In regard to NS5A L31M/V-Y93H double mutation HCV, which is most frequently selected in patients who failed to respond to daclatasvir þ asunaprevir [21] [22] [23] 26 or sofosbuvir/ledipasvir, 27 the mean EC 50 of daclatasvir or ledipasvir against the double mutant HCV is approximately 7,000 to 75,000 times higher than that against wild-type HCV [15] [16] [17] 35 (►Table 2). NS5A P32del HCV shows higher-level resistance to daclatasvir or ledipasvir than the NS5A L31M/V-Y93H double mutation HCV. While HCV with the NS5A L31M/V-Y93H double mutation HCV is sensitive to a second-generation NS5A inhibitor, such as pibrentasvir 13 and velpatasvir, 36 NS5A P32del HCV shows high-level resistance against all NS5A inhibitors used in clinical practice, including ombitasvir, elbasvir, pibrentasvir, and velpatasvir. 13 The mean EC 50 's of second-generation NS5A inhibitors against NS5A P32del HCV are approximately 1,000 to 1.7 million times higher than those against wild-type HCV (►Table 2). 13 The JFH-1 HCV clone, genotype 2a HCV, can infect hepatoma cells and is useful as an in vitro infection model. Using JFH-1based recombinant HCV with NS5A from genotype1b HCV, HCV with NS5A P32del demonstrated high-level resistance to daclatasvir or ledipasvir, which is consistent with replicon studies (►Table 2). 12, 37, 38 Importantly, while the NS5A L31M/V-Y93H double mutation HCV is relatively sensitive to second-generation NS5A inhibitors, including velpatasvir and pibrentasvir, NS5A P32del HCV still remains highly resistant to all second-generation NS5A inhibitors. 12, [37] [38] [39] The EC 50 of velpatasvir against NS5A P32del HCV is 1,000 to 40,000 times higher than that against wild-type HCV, while that against NS5A L31M-Y93H HCV is 44 to 999 times higher than that against wild-type HCV (►Table 2). 12, 13 The EC 50 of pibrentasvir against NS5A P32del HCV is 1,000 times higher than that against wild-type HCV, while that against NS5A L31M-Y93H HCV is 0.7 to 79 times higher than that against wild-type HCV (►Table 2). 12, 13 These data suggest that HCV with NS5A P32del, which is selected in patients with a failed response to an NA5A inhibitor, acquires cross-resistance to all other NS5A inhibitors. Conversely, the EC 50 's of other class antivirals, including NS3/4A inhibitors, NS5B inhibitors, ribavirin, and IFN, against NS5A P32del HCV are similar to those of wild-type HCV. 37, 38 
NS5A P32del HCV Replicates at a Low Level In Vitro but Persists in Patients
In contrast to the extremely high-level resistance of NS5A P32del HCV to all NS5A inhibitors, its replication levels decrease to 30% when compared with replication levels of wildtype HCV in replicon systems. 19 Similarly, the replication levels of NS5A P32del HCV are lower than those of wild-type HCV in the JFH-1-based recombinant HCV infection system (►Table 2). 37, 38 Despite the low replication data of NS5A P32del HCV in vitro, clinical data have shown that selected NS5A P32del HCV by DAA treatment failure remains in patients for more than 1 year. 25, 27 Amino acid substitutions of NS5A L31F and L31M are sometimes codetected in patients with NS5A P32del HCV (►Table 1). The results of in vitro experiments indicated that these substitutions increased the replication capacity of P32del HCV only slightly; however, the replication levels of N5A L31F/M þ P32del HCV were still lower than those of wild-type HCV (►Table 2). 37, 38 Doi et al reported that no other compensatory amino acid change was detected in NS5A domain 1 lesions in patients with P32del HCV. 27 We cannot exclude the possibility that some other amino acid changes outside of the NS5A domain 1 contribute to replication fitness.
Examining HCV infection in vivo is difficult because HCV does not typically infect experimental small animals. However, mice whose hepatocytes are replaced by human hepatocytes have been used to establish an experimental model with several immune-deficient mouse strains. [40] [41] [42] [43] After sera from HCV-infected patients or a chimpanzee are inoculated into them, the mice develop persistent viremia of HCV. [43] [44] [45] [46] [47] Doi et al reported that after patient serum containing over 99% of NS5A P32del HCV was inoculated into 25 humanized liver mice, all of them developed persistent viremia, with over 99% carrying NS5A P32del HCV; no compensatory amino acid change was detected in NS5A domain 1 lesions. 37 Their serum HCV RNA levels were similar to those of mice inoculated with patient serum containing wild-type HCV. 37 Osawa et al also reported that after patient serum containing NS5A P32del HCV as the major clone was inoculated into humanized liver mice, they developed persistent viremia carrying NS5A P32del HCV as the major clone. 48 These findings support the idea that the NS5A P32del that occurs selectively in patients who fail to respond to DAAs already obtained replication fitness. 
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NS5A-P32 Deletion in Hepatitis C Genotype 1b Infection Hikita, Takehara The effects of some treatments against NS5A P32del HCV were examined using NS5A P32del HCV-infected humanized liver chimeric mice. Osawa et al reported that serum HCV RNA levels of NS5A P32del HCV-infected mice did not decrease to below the lower limit of detection levels with glecaprevir/pibrentasvir treatment, while both wild-type HCV-infected mice and L31M/ Y93H HCV-infected mice achieved sustained virologic response (SVR) with glecaprevir/pibrentasvir. 48 Teraoka et al reported that NS5A P32del HCV-infected mice showed high-level resistance to glecaprevir/pibrentasvir treatment but were sensitive to the combination treatment of sofosbuvir þ glecaprevir/ pibrentasvir. 26 Doi et al reported that NS5A P32del HCVinfected mice showed high-level resistance against the combination treatment ledipasvir þ GS-558093, a nucleotide NS5B inhibitor, as well as ledipasvir monotreatment or elbasvir monotreatment. 37 However, they showed sensitivity to the combination treatment simeprevir þ GS-558093 or simeprevir þ PegIFN. 37 49 Conversely, one patient with NS5A P32del HCV who achieved SVR with sofosbuvir/ledipasvir was reported. 50 In addition, before retreatment, the patient had HCV that carried L31M, Q54H, A92K, and Y93H. In a phase 3 clinical trial of glecaprevir/pibrentasvir for HCV-infected Japanese patients with prior DAA experience (CERTAIN-1), a total of 32 patients were enrolled. 51 Among them, two genotype 1b HCV-infected patients who had experienced virologic failure to daclatasvir þ asunaprevir had NS5A P32del HCV before retreatment with glecaprevir/pibrentasvir. Both patients developed virologic failure again by retreatment, while the other 30 patients achieved SVR. 13, 51, 52 In a phase 3 clinical trial of glecaprevir/pibrentasvir in Europe (MAGELLAN-1) , a patient infected with genotype 1b HCV experienced virologic failure to daclatasvir þ asunaprevir had NS5A P32del HCV before retreatment with glecaprevir/pibrentasvir and again developed virologic failure. 53 However, sofosbuvir/velpatasvir/voxilaprevir will not be developed in some Asian countries, including Japan, due to the race-specific toxicity of voxilaprevir. It is difficult to use sofosbuvir in combination with glecaprevir/pibrentasvir in some countries, including Japan, due to regulations related to the health insurance system. In these areas, other treatments containing more than one drug, except NS5A inhibitors such as sofosbuvir/velpatasvir þ ribavirin, would be a suitable alternative choice. In regard to the sofosbuvir/velpatasvir þ ribavirin treatment, 98% (46/47) of NS5A DAA-experienced patients with HCV genotype 1b achieved SVR24 with sofosbuvir/velpatasvir þ ribavirin retreatment for 24 weeks in a Japanese clinical trial 59 ; thus, this regimen is the recommended treatment for DAA-experienced patients in the current guidelines of the Japan Society of Hepatology. Considering the high-level resistance of NS5A P32del HCV to velpatasvir, 12, 13, 37, 38 the effect of sofosbuvir/velpatasvir þ ribavirin treatment on patients with the NS5A P32del HCV is highly dependent on their sensitivity to sofosbuvir and ribavirin. The EC 50 's of sofosbuvir and ribavirin against NS5A P32del HCV are similar to those of wild-type HCV. 37, 38 NS5A P32del HCV is detected only in genotype 1b. The efficacy of sofosbuvir þ ribavirin, which may not be as high as that of sofosbuvir/ledipasvir or sofosbuvir/velpatasvir, requires a longer treatment duration but is still relatively beneficial for naive patients when the HCV genotype is limited to genotype 1b. For example, a phase 3b study in India demonstrated that sofosbuvir þ ribavirin treatment for 24 weeks achieved 100% (23/23) SVR in treatment-naive genotype 1b patients. 64 A phase 3b study in China demonstrated that sofosbuvir þ ribavirin treatment for 24 weeks achieved 94% SVR in NS5A inhibitor-unexperienced genotype 1b patients. 65 Considering the efficacy of 24-week sofosbuvir þ ribavirin treatment in genotype 1b patients, velpatasvir/sofosbuvir þ ribavirin treatment for 24 weeks for patients with NS5A P32del HCV is expected to be effective and a suitable alternative choice when sofosbuvir/velpatasvir/voxilaprevir or sofosbuvir þ glecaprevir/pibrentasvir cannot be used.
Conclusion
NS5A P32del was detected in 5 to 10% of genotype 1b patients who experienced virologic failure with daclatasvir-containing therapies and sofosbuvir/ledipasvir treatment. Although most cases of NS5A P32del HCV are reported in Japan, some have been reported in clinical trials conducted in Europe 53 and Western countries. 60, 61 These reports suggest that NS5A P32del HCV is relevant in countries other than Japan. NS5A P32del HCV clones are generated by the complete deletion of three bases, which encode NS5A P32 from the original clones. In regard to deep sequencing analysis, deletion of three consecutive bases is sometimes unmapped on the reference sequence and consequently cannot be detected. In the examination of HCV resistance-associated amino acid changes, confirming whether NS5A P32del HCVclones can be mapped appropriately on the used reference sequence is important. To date, NS5A P32del was not detected in naive patients. However, the possibility that a patient with NS5A P32del HCV infects someone cannot be excluded, especially among high-risk populations, such as persons who inject drugs. 66, 67 From this aspect, analysis of HCV resistance-associated amino acid changes in naive patients is also informative. A recommendation therapy against patients infected with NS5A P32del HCV remains unestablished. We should pay attention to the existence of NS5A P32del HCV, which is artificially generated by an NS5A inhibitor.
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